ABSTRACT. The use of therapeutic hyperoxia has greatly improved the survival of infants born prematurely. However, high concentrations of oxygen cause pulmonary injury, leading to decreased pulmonary compliance and decreased oxygen diffusion. This injury can result in chronic pulmonary insufficiency. It has been hypothesized that the adverse effects of hyperoxia are mediated, in part, through changes in the pulmonary surfactant system. We investigated the effects of hyperoxia on surfactant-associated protein A (SP-A), the abundant surfactant-specific glycoprotein. Adult male rats were exposed to 85% oxygen for 72 h. Total lung volume and pulmonary compliance were measured, and alveolar surfactant material recovered by lavage. Hyperoxia decreased total lung capacity, and altered inflation and deflation hysteresis patterns. Disaturated phosphatidylcholine and SP-A content were significantly increased in alveolar surfactant material isolated from oxygen-treated rats. SP-A content was also significantly increased in lung tissue from oxygen-treated rats. The SP-A in the lavage of oxygen-treated rats appeared to be intact protein as no proteolytic fragments were detected and the SP-A migrated identically to that recovered from room air animals when analyzed by two-dimensional isoelectric focusing. We conclude that the decreased pulmonary compliance associated with pulmonary oxygen injury is not due to quantitative decreases in two major surfactant components, disaturated phosphatidylcholine and SP-A. (Pediatr Res 24: 568-573, 1988) Abbreviations RDS. res~iratorv distress svndrome SP-A, suifactant-ass~ciated~rotein A (M, 26,000-36,000) DSPC, disaturated phosphatidylcholine SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis ELISA, enzyme-linked immunosorbent assay these infants, the high levels of oxygen necessary to maintain life are injurious to pulmonary tissue. Exposure to inspired hyperoxia causes pulmonary edema, alveolar and interstitial hemorrhage, and endothelial and epithelial cell necrosis (1, 2). Pulmonary oxygen injury is associated with decreased lung compliance and impaired function of isolated surfactant material (3-6). Oxygen injury may, therefore, further compromise respiratory function in infants with RDS.
these infants, the high levels of oxygen necessary to maintain life are injurious to pulmonary tissue. Exposure to inspired hyperoxia causes pulmonary edema, alveolar and interstitial hemorrhage, and endothelial and epithelial cell necrosis (1, 2). Pulmonary oxygen injury is associated with decreased lung compliance and impaired function of isolated surfactant material (3-6). Oxygen injury may, therefore, further compromise respiratory function in infants with RDS.
Pulmonary surfactant is composed of approximately 90% lipid and 10% protein. The major surfactant phospholipid is phosphatidylcholine, of which approximately 80% is DSPC. The effects of hyperoxia on surfactant phospholipids have been examined by a number of investigators. Results are conflicting depending on animal species and age, and on level and duration of inspired oxygen treatment (3, 4, (6) (7) (8) (9) (10) (11) (12) (13) (14) . Ward and Roberts (14) demonstrated decreased airway phospholipids and decreased DSPC synthesis in lung slices from newborn rabbits exposed to 95% oxygen for 48 h. Beckman and Weiss (13) demonstrated decreased lavage DSPC in adult rats exposed to 100% oxygen for 60-66 h. In contrast, Young et al. (1 1) found increased lavage and lung DSPC content in adult rats exposed to 85% oxygen for 7 days.
Whereas the lipid components are critically important for surfactant function, recent studies indicate that the surfactantassociated proteins are necessary for full biophysical function of the surfactant complex, and may regulate secretion and reuptake of surfactant phospholipids (15) (16) (17) (18) (19) . The most abundant nonserum protein in surfactant is a glycoprotein with a mol. wt. between 26,000-36,000 Da, herein called SP-A. This protein is synthesized and secreted primarily by pulmonary type I1 epithelial cells (20) (21) (22) (23) .
The effects of hyperoxia on specific surfactant-associated proteins have not been previously reported. We hypothesized that airway content of SP-A would be altered by pulmonary oxygen injury. In our study we investigated the effects of hyperoxia on the content of SP-A, total protein, and DSPC in alveolar lavage fluid, and on total lung SP-A content from adult rats.
RDS is a major cause of morbidity and mortality in premature infants. The primary cause of RDS is insufficient pulmonary surfactant, a complex mixture of lipids and proteins necessary for reducing surface tension and preventing end expiratory collapse of alveoli. Infants with RDS have decreased pulmonary compliance, microatelectasis, and require increased concentrations of inspired oxygen. Although supplemental oxygen benefits
MATERIALS AND METHODS

Animals.
Adult male Sprague Dawley rats (weight 300-390 g) were exposed to hyperoxia (0.85 FIO~) or room air for 72 h. The oxygen-treated rats were housed in 3 cubic foot Lucite chambers. Each chamber received oxygen at 6 literlmin and oxygen concentration was measured continuously with an oxygen analyzer (Ventronics, Temecula, CA). During the exposure period, C01 concentration in the chamber was less than 1 %. Animals in room air were maintained in open cages. Animals were allowed food and water ad libitum.
Pressure volume analysis and lavage collection. After the 72-h exposure period, animals received a lethal intraperitoneal injection of pentobarbital (50 mg/kg) and were placed in 100% oxygen for 10 min to metabolically degas the lungs. Leaving the thorax undisturbed, the tracheas were cannulated and connected to a HYPEROXIA AND SI JRFACTANT PROTEIN 569 U-tube water manometer. The lungs were slowly inflated to 30 cm H20 pressure and this volume recorded as V30. This pressure was maintained for 5 min before deflation. A drop in pressure of more than 5 cm Hz0 during this period was considered to result from an air leak, and the animal was excluded from analysis. After a 5-min equilibration period, the lungs were incrementally inflated and deflated, and pressure recorded at each volume. Volumes were corrected for air compression in the system and expressed as percent of volume at 30 cm H20 pressure. Calculation of pressure:volume as percent V30 allows analysis of compliance changes irrespective of alterations in maximum lung compliance. After compliance measurements, the lungs were lavaged 10 times with cold buffer (4" C) containing 154 mM NaC1, 20 mM Tris-HC1 (pH 7.4), and 3 mM EDTA using a volume equal to 80% of V30. Fresh buffer was used for each lavage. Total recovered lavage fluid from each animal had to be at least 85% of volume instilled to qualify for inclusion in the analysis. Pulmonary lavage was processed by centrifugation at 500 x g for 10 min at 4" C to remove cell debris. The supernatant was centrifuged at 12,500 x g for 30 min and the resulting surfactant pellet was resuspended in 1 ml of lavage buffer and frozen at -30" C before analysis. Aliquots of unprocessed lavage, low and high speed supernatants were also frozen for analysis. (25) . Microtiter plates (Falcon Inc., Oxnard, CA) were coated with a 1:200 dilution of the rabbit anti-rat surfactant IgG antibody in 0.1 M NaHC03 overnight at 4" C. Plates were washed four times with 10 mM Tris-HC1 (pH 8.0), 0.5% Tween 20, 0.01% merthiolate, and incubated for 10 min. at room temperature with 100 pl/well of 150 mM NaCl, 10 mM Tris-HC1 (pH 7.4), 5 mg/ml bovine serum albumin. Buffer was removed and various dilutions of rat SP-A or lavage in 150 mM NaCl, 0.05 M Na2H PO4 (pH 7.4), were added and incubated at 37" C for 2 h. Plates were washed and incubated with 100 pI/well of a 1500 dilution of guinea pig anti-rat SP-A in 150 mM NaCl, 10 mM Tris (pH 7.4), 5 mg/ml bovine serum albumin for 90 min at 37" C. Plates were washed and horseradish peroxidase conjugated rabbit anti-guinea pig IgG (Miles Laboratories, Naperville, IL) was added for 1 h at 37" C. Color was developed by the addition of Hz02 and O-phenylenediamine and absorbance at 490 nm measured (Dynatech Inc., Alexandria, VA). A standard curve was constructed from the absorbance of known amounts of SP-A and sample values calculated from dilutions that fell on a linear portion of the standard curve. Standard curves for the ELISA assay were sensitive to 10-150 ng/ml of protein with a correlation coefficient of >0.95 for all assays. All samples were measured in duplicate on two different occasions.
The SP-A standards were prepared by pelleting pooled lavage from adult rats at 10,000 x g for 30 min. The amount of SP-A in the standard was determined by measuring the total protein content by the method of Lowry as modified to enhance sensltivity in the presence of phospholipids (26). The fraction of SP-A compared to total protein was then estimated by densitometry scanning of the standard analyzed on an SDS-PAGE after silver staining (27) .
Preparation of Antibodies. Rat SP-A was purified from adult rat lung lavage using methods previously described by Ross et al. (28) . This protein was >95% pure as determined by SDS-PAGE. Antisera against rat SP-A were prepared by repeated injections of approximately 200 pg of the purified protein suspended in Freund's adjuvant into guinea pigs. An antibody against rat surfactant proteins was prepared in rabbits by repeated injections of 1 mg of surfactant protein suspended in Freund's adjuvant into rabbits. Both antisera recognized the glycosylated and nonglycosylated forms of SP-A. Specificity of the guinea pig antiserum was assured by immunoblot analysis of crude rat alveolar lavage material. The immune globulin fraction of rabbit serum was prepared by precipitation with 30-50% ammonium sulfate; dissolved in a volume of 150 mM NaCl, 0.05 M NaP04 (pH 7.4) equal to that of the original serum sample and dialyzed before use in the ELISA assay.
Gel electrophoresis and immunoblot analysis. SDS-PAGE was performed as described using the buffer of Laemmli (29). Twodimensional isoelectric focusing-SDS-PAGE was carried out using the buffer system of Garrison and Wagner (30). Proteins were electrophoretically transferred to nitrocellulose paper and identified by immunoblot analysis using nonfat dried milk to reduce background staining (3 1, 32).
DSPC measurement. DSPC was measured by extraction of lipids from the surfactant pellet, followed by reaction with osmium tetroxide and alumina chromatography (33).
Statistical analysis. Results are expressed as mean f 1 SD. Results were analyzed on an IBM PC-XT computer using a statistical software package (NCSS, Kaysville, UT). Comparisons between groups were made with a two-tailed t test for unpaired observations, with the Bonferroni method for correction for multiple comparisons.
RESULTS
After 72 h in 85% oxygen, all rats were lethargic, refused food and water, and had variable degrees of respiratory distress with retractions and nasal flaring. One of 18 (5.6%) oxygen treated rats died. Although the rats maintained in room air did not differ significantly in initial weight from oxygen exposed rats, rats exposed to oxygen lost weight during the study (Table 1) .
Pressure-volume analysis. Lung capacity (V30) was decreased in oxygen exposed rats when compared to room air controls (Table 1) . Because the volume of buffer used to lavage the rats depended on V30, the total lavage volume was also reduced in oxygen treated as compared to room air rats (8 1 + 16 versus 129 + 14 ml). The hysteresis patterns differed between the two groups.
The oxygen-treated rats required higher pressures to achieve a given lung volume during both inflation and deflation (Fig. 1) .
Lavage content of surfactant proteins and phospholipids. Hyperoxia increased the SP-A content of all fractions of bronchoalveolar lavage (Fig. 2) . SP-A content was increased 2-to 3-fold both in whole lavage and in the cell free, low speed supernatant; however, it was increased almost 5-fold in the surfactant pellets. A larger percentage of SP-A pelleted after centrifugation at 12,500
x g in the lavage from the oxygen-treated rats (29 + 16%) than from the room air rats (15 + 16%). The SP-A that did not pellet was accounted for in the high speed supernatant, and the percentage of total SP-A recovered in the surfactant pellets and in the high speed supernatant was similar in oxygen treated (96 + 18%) and room air (91 + 17%) rats. Exposure to 85% oxygen for 72 h also increased lung tissue SP-A content 2-fold; a similar increase to that seen in whole lavage (Fig. 3) .
To assess if the increased amount of SP-A in the lavage fluid of oxygen exposed animals was intact protein or if oxygen exposure induced proteolysis of SP-A, aliquots of alveolar lavage containing approximately 1 pg of SP-A from rats exposed to oxygen were lyophilized, resuspended in Laemmli buffer (29), and the proteins separated by SDS-PAGE and identified by immunoblot analysis. The results are shown in Fig. 4A . Proteolytic fragments of SP-A were not detected in these animals. Figure  4B shows an immunoblot analysis of lavage material from an 570 NOGEE AND WISPE Fig. 2 . SP-A content of lung lavage fractions. Rats were maintained in either 85% oxygen or in room air for 72 h. Lung lavage was processed as described in "Materials and methods." The SP-A content was calculated as the product of SP-A concentration and lavage or pellet volume. The bars represent the mean f 1 SD for the given number of animals in each group. Exposure to 85% oxygen for 72 h significantly increased SP-A content in all fractions. oxygen-exposed rat subjected to two-dimensional isoelectric focusing and SDS-PAGE in order to resolve the different isoforms of SP-A. This lavage material contained primarily sialylated forms of SP-A with a charge distribution similar to the forms previously identified in non-oxygen-exposed rats (20, 34). The high mannose intracellular storage forms of SP-A were not detected in the lavage fluid of oxygen-exposed or control animals. Fig. 3 . SP-A content of lavage and lung homogenate. Rats were maintained in either 85% oxygen or in room air for 72 h. Lung lavage and homogenate were processed as described in "Materials and methods." The SP-A content was calculated as the product of SP-A concentration and lavage or homogenate volume and expressed per 100 g body weight. The bars represent the mean + 1 SD for the number of animals in each group. Exposure to 85% oxygen for 72 h significantly increased both lavage and lung SP-A content.
DSPC and total protein were also increased in lavage fluid from oxygen-exposed animals (Fig. 5) . Surfactant pellet DSPC was increased approximately 9-fold in the oxygen-treated animals (1080 + 602 versus 123 k 61 pg). The surfactant pellet DSPC/ SP-A ratio was also increased by oxygen treatment (10.3 versus 5.35, p < 0.05). The total protein in surfactant pellets was increased in the oxygen-exposed rats, although the variance was quite large due to several animals with extremely large amounts of protein in the lavage fluid.
DISCUSSION
In the present study we found that the amounts of SP-A, total protein, and DSPC recovered in alveolar lavage from adult male rats exposed to 85% oxygen for 72 h were significantly increased as compared to rats maintained in room air. Although increases in alveolar total protein and albumin content have been described with pulmonary oxygen injury (3, 6, 8) , this effect of hyperoxic exposure on airway content of SP-A has not been previously reported. This increase in the amount of SP-A recovered in bronchoalveolar lavage was accompanied by a similar increase in lung SP-A content. Thus, hyperoxic exposure caused an overall increase in alveolar and lung SP-A content, and not simply a shift from intracellular to extracellular pools.
SP-A is a glycoprotein synthesized and secreted primarily by pulmonary epithelial cells. It is normally present in the alveolus where it associates with surfactant phospholipids and calcium to form aggregates of tubular myelin (21, 22, 35) . Although SP-A may have a role in lowering alveolar surface tension (19), it also functions as a regulator of surfactant phospholipid metabolism (15, 16, 18) . It is a potent inhibitor of phospholipid secretion from alveolar type I1 cells (15, 16) and stimulates reuptake of surfactant phospholipids into type I1 cells in vitro (15, 18) . Thus, an increase in airway content of SP-A after hyperoxic exposure may have important effects on surfactant phospholipid metabolism.
We found a significant increase in the DSPC content of lavage obtained from oxygen-exposed rats. Other investigators also demonstrated similar increases in alveolar phospholipids after A, approximately 1 pg of alveolar lavage SP-A from each of three oxygen exposed rats (lanes a to c) was analyzed by immunoblot analysis of proteins separated by SDS-PAGE. No proteolytic fragments of SP-A were seen. Lane d contains mol. wt markers. B, lavage material containing 150 pg of total protein from a rat exposed to 85% for 72 h was subjected to two-dimensional IEF-SDS-PAGE. Fully sialylated forms of SP-A were present with a charge distribution similar to that seen in lavage from room air animals. High mannose, intracellular forms of SP-A were not detected. investigators found either no change in, or decreased lavage phospholipid content after hyperoxic exposure (3, 4, 6 4 , however, their studies differed with regard to the age and species of the animals studied and the amount and duration of oxygen exposure.
The amount of DSPC recovered in the surfactant pellets from oxygen-exposed rats was increased 8-to 9-fold over the amount recovered from control rats, whereas the amount of SP-A was increased 4-to 5-fold. This disproportionate increase suggests independent regulation of airway surfactant lipid and protein content. There is in vitro evidence that the synthesis of SP-A and surfactant phospholipids may be dissociated. In human fetal lung explants, insulin and cortisol inhibit SP-A synthesis, yet stimulate incorporation of choline into DSPC (36). SP-A is not synthesized in mixed monolayer or organotypic cell cultures prepared from fetal tissues although lamellar bodies containing DSPC are made in these cell systems (37).
To increase the ratio of DSPC to SP-A in the surfactant pellets, oxygen exposure must either increase the total amount of airway DSPC relative to SP-A or increase the amount of DSPC that pelleted relative to SP-A. Hyperoxia may alter the sedimentation of lipid and protein during centrifugation at 12,500 x g, thus altering the lipid and protein composition of the surfactant pellets. We found that oxygen exposure increased the percentage of SP-A that pelleted during centrifugation at 12,500 X g (29 _+ 16% versus 15 k 6%). The amount of DSPC in the lavage aliquots from the room air animals was below the limits of detection of our assay, and therefore we were unable to compare the amount of DSPC that sedimented at 12,500 x g in oxygen exposed and room air animals. However, 102 + 42% (mean -+ 1 SD, n = 6) of the DSPC present in unprocessed lavage from oxygen-exposed animals was recovered in the 12,500 x g pellets. Young et al. (1 1) reported that approximately 60% of the total DSPC in lavage from rats exposed to 85% oxygen for 7 days sedimented at 550 x g x 10 min. These are higher percentages than would be expected from other studies on surfactant phospholipid sedimentation from animals not exposed to hyperoxia (38) (39) (40) . Alveolar surfactant material consists of subfractions that differ in particulate size and density and in lipid and protein composition (38) (39) (40) (41) . Large multilamellar aggregates of surface active material and tubular myelin are rich in SP-A and sediment at modest gravitational forces. Lighter fractions, consisting primarily of smaller unilamellar vesicles, have less SP-A and do not sediment at high gravitational forces (38-4 1). These subfractions of alveolar lavage may represent forms of surfactant that differ in surface activity and effects on surfactant phospholipid metabolism (38-42). Our data suggest that the sedimentation characteristics of surfactant phospholipid and protein are altered by hyperoxia. This may reflect changes in the relative amounts and composition of different surfactant subfractions.
Total lung capacity and lung compliance were decreased after exposure to 85% oxygen for 72 h. This agrees with the findings of other investigators (3-6). The changes seen in hysteresis document that significant pulmonary injury has occurred, but do not necessarily implicate alterations in surfactant. Although this study was not designed to explore possible mechanisms for the decrease in pulmonary compliance, other investigators have suggested that decreased alveolar phospholipid content contributes to decreased pulmonary compliance (3). The finding that oxygen exposure increased alveolar content of both DSPC and SP-A in association with decreased pulmonary compliance, suggests that the changes in pulmonary compliance are not related to quantitative decreases in these two surfactant components. A decrease in the amount of alveolar SP-A would not necessarily be expected to cause a reduction in the surface tension-lowering ability of surfactant. Recent studies show that SP-A has relatively weak biophysical activity when mixed with phospholipids (28, 43) although it may act synergistically with the low mol. wt., hydrophobic surfactant proteins (19).
Impaired surfactant function may contribute to decreased compliance. Holm et al. (16) demonstrated that lavage material from rabbits exposed to 100% oxygen for 60 h, followed by a 24-h recovery in room air, had severely impaired dynamic surface tension-lowering ability. The animals in our study had significantly increased alveolar protein content, and Notter et al. (44) and others (45, 46) showed that several serum proteins inhibit surfactant function when tested in vitro. Other factors, including alterations in tissue compliance, will contribute to the decrease in pulmonary compliance. Beckman and Weiss (3) suggested that both decreased tissue compliance and changes in surface active materials contributed to decreased lung compliance in adult rats exposed to 100% oxygen for 60-66 h. The mechanism of the observed increase in alveolar SP-A is unclear. There are several possibilities including increased numbers of type I1 cells secreting SP-A, leakage of intracellular components from damaged cells, or changes in synthesis or degradation of SP-A. Adult rats exposed to 85% oxygen for 7 days develop type I1 cell hyperplasia and have increased lung and lavage DSPC content ( 1 I). However, exposure to 85% oxygen for 72 h does not significantly increase numbers of type I1 cells (47). Leakage of intracellular SP-A from damaged type I1 cells is also possible. However, significant amounts of intracellular SP-A are present as high-mannose intermediate forms (34, 48) ; and these forms were not detected in lavage material from the rats exposed to hyperoxia in the present study. This suggests that the increased alveolar SP-A content is not derived from damaged type I1 cells.
Specific increases in SP-A synthesis and secretion in response to hyperoxia would increase alveolar content of SP-A. The increase in alveolar SP-A content was accompanied by an increase in lung tissue SP-A content, which implies that the increased alveolar SP-A content is not due solely to increased secretion of intracellular stores of SP-A, but may be accompanied by increased SP-A production. Direct effects of hyperoxia on SP-A synthesis have not been reported. Gacad and Massaro (5) demonstrated decreased total protein synthesis in lung slices prepared from rats exposed to 98% oxygen for 24 h. The synthesis of the protein components of surface active material extracted from the slices was decreased, but the authors did not identify the specific proteins involved (5). Alterations in surfactant metabolism would also increase alveolar DSPC and SP-A content. Surfactant phospholipids are taken up by type I1 cells and undergo recycling (49, 50) . Impaired reuptake of surfactant phospholipids would increase alveolar DSPC content. How SP-
